IntroductIon: Very early preterm infants (VPIs) are exposed to unpredictable noise in neonatal intensive care units. Their ability to perceive moderate acoustic environmental changes has not been fully investigated. rESuLtS: Physiological values of the 598 isolated sound peaks (sPs) that were 5-10 and 10-15 dB slow-response a (dBa) above background noise levels and that occured during infants' sleep varied significantly, indicating that VPIs detect them. exposure to 10-15 dBa sPs during active sleep significantly increased mean heart rate and decreased mean respiratory rate and mean systemic and cerebral oxygen saturations relative to baseline. dIScuSSIon: VPIs are sensitive to changes in their nosocomial acoustic environment, with a minimal signal-to-noise ratio (sNR) threshold of 5-10 dBa. These acoustic changes can alter their well-being. MEtHodS: In this observational study, we evaluated their differential auditory sensitivity to sound-pressure level (sPL) increments below 70-75 dBa equivalent continuous level in their incubators. environmental (sPL and audio recording), physiological, cerebral, and behavioral data were prospectively collected over 10 h in 26 VPIs (Ga 28 (26-31) wk). sPs emerging from background noise levels were identified and newborns' arousal states at the time of sPs were determined. changes in parameters were compared over 5-s periods between baseline and the 40 s following the sPs depending on their sNR thresholds above background noise. V ery early preterm infants (VPIs) are exposed to nosocomial environmental stimuli that differ from the stimuli they encounter in utero. This new "naturalistic" milieu, especially loud noise, may interfere with their neurodevelopment and growth (1-4). This has led to specific recommendations for permissible noise criteria levels in the neonatal intensive care unit (NICU) (5-7). These recommendations were based primarily on the evaluation of the effects of noise on the developing auditory system and well-being of newborns. Most studies were experimental. Preterm newborns were exposed to 5 s of high artificial sound (8,9), including sound-pressure levels (SPLs) ranging from 80 to 100 dB (8) and to warbling tones of 100 dB (9). The most prevalent responses were an increase in heart rate (HR) (8,9) proportional to the SPL of the stimulus and a tendency toward a decrease in respiratory rate (RR) (9). Few studies have evaluated the impact of noise in the NICU on newborns' physiological stability. Unfortunately, some of these studies measured the effect of acoustic environments quite different from those in the contemporary NICU (10) or did not include preterm infants (11) or VPIs (10). Moreover, some yielded questionable results because of study design, nonreporting of background noise, and the absence of a well-defined study population (e.g., inclusion of newborns with a wide range of gestational age, GA) (12). Despite these limitations, these studies showed that a high level of environmental noise, >70-75 dB slow response A (dBA) equivalent continuous level (Leq), could disrupt infant stability.
V
ery early preterm infants (VPIs) are exposed to nosocomial environmental stimuli that differ from the stimuli they encounter in utero. This new "naturalistic" milieu, especially loud noise, may interfere with their neurodevelopment and growth (1) (2) (3) (4) . This has led to specific recommendations for permissible noise criteria levels in the neonatal intensive care unit (NICU) (5-7). These recommendations were based primarily on the evaluation of the effects of noise on the developing auditory system and well-being of newborns. Most studies were experimental. Preterm newborns were exposed to 5 s of high artificial sound (8, 9) , including sound-pressure levels (SPLs) ranging from 80 to 100 dB (8) and to warbling tones of 100 dB (9) . The most prevalent responses were an increase in heart rate (HR) (8, 9) proportional to the SPL of the stimulus and a tendency toward a decrease in respiratory rate (RR) (9) . Few studies have evaluated the impact of noise in the NICU on newborns' physiological stability. Unfortunately, some of these studies measured the effect of acoustic environments quite different from those in the contemporary NICU (10) or did not include preterm infants (11) or VPIs (10) . Moreover, some yielded questionable results because of study design, nonreporting of background noise, and the absence of a well-defined study population (e.g., inclusion of newborns with a wide range of gestational age, GA) (12) . Despite these limitations, these studies showed that a high level of environmental noise, >70-75 dB slow response A (dBA) equivalent continuous level (Leq), could disrupt infant stability.
Two recent studies have explored the effect of NICU noise on VPIs. One, which involved eight extremely-low-birth-weight infants, found no correlation between moderate NICU noise levels (50-60 dBA) and arterial blood pressure, although there were HR changes starting from 25 to 45 s after noise peaks (13) . The second study found that 11 VPIs exhibited sympathetic arousal, as measured by skin conductance, in response to natural sound >65 dBA and with background noise <55 dBA (14) . These studies, however, did not determine the differential auditory SPL sensitivity (signal-to-noise ratio, SNR) or the precise effects of acoustic changes (in response to SPL <70 dBA Leq) on the physiological well-being of these VPIs. Such findings would be essential to a better understanding of the ontogeny of auditory functions in VPIs, resulting in better adaptation of their acoustic environment to their sensory abilities and preferences and thereby yielding more precise noise recommendations for VPIs. We therefore conducted this prospective observational study using a "naturalistic" approach to answer to the following questions: (i) can VPIs hear nosocomial sound peaks 
Articles
Auditory sensitivity of preterm infants (SPs) that are 5-10 dBA and/or 10-15 dBA above background noise?; (ii) how do VPIs physiologically react to them?; and (iii) do they alter the infants' well-being?
RESULTS

Background Noise
For all VPIs breathing room air, on nasal continuous positive airway pressure and mechanically ventilated, L90s were 49.6, 59.9, and 49.3 dBA Leq, respectively; L50s were 51.0, 62.9, and 51.53 dBA Leq, respectively; and L10s were 52. 9 4-53.7] dBA Leq, respectively. A spectral analysis of the main SPs showed that their fundamental frequencies (F 0 ) ranged from 100 (incubator's motor) to 2,730 Hz (syringe pump alarm). For some complex noise, the frequencies of the first (F 1 ) or second (F 2 ) harmonic were of greater amplitude than F 0 , with the highest ones (ventilator's humidifier alarm) reaching 4,336 (F 1 ) and 6,504 Hz (F 2 ).
By determining the arousal states of the infants in the 10-s baseline preceding the occurrence of SPs, it was possible to classify the SPs again. A concordance between the two observers was initially obtained for 94.5% (1,294/1,369) of the SPs and for all of them after concomitant reevaluation. Of the 1,369 SPs in ranges 5-10 and 10-15 dBA, 213 (16%) occurred in state 1, 385 (28%) in state 2, 59 (4%) in states 3-4, 173 (13%) in state 5, and 463 (34%) in state 6. Owing to technical problems, behavioral evaluations were not possible for the remaining 76 SPs (5%). Because relatively few SPs had an SNR >15 dBA or were in states 3-4 and because newborns in states 5-6 were physiologically and/or behaviorally unstable and mainly produced the SPs themselves (i.e., crying or movement), we further analyzed only the data for the SPs with an SNR ranging from 5 to 15 dBA and occurring during sleep in states 1 and 2 (n = 598).
Reactivity to SPs in Active and Quiet Sleep States
Physiological responses. During the entire time course of the response, we observed significant profiles of variations for only two parameters (see Figure 1 and Figure 2 ): a decrease in RR after SPs occurring in quiet sleep in range 5-10 dBA (F (9,162) = 3.10, P < 0.002) and in SaO 2 after SPs occurring in active sleep in range 10-15 dBA (F (9, † P < 0.05 as compared with B1.
‡ P < 0.01 as compared with B1. SNR, signal-to-noise ratio; SP, sound peak. Following an SP, there were significant variations in mean HR, regardless of sleep state and range. Specifically, we observed increased HR in range 5-10 dBA and state 2 and a decrease in state 1 and range 10-15 dBA. We also observed significant decreases in mean RR in state 1 for both SNR ranges. During active sleep, RR decreased for both SNR ranges. We also observed a significant increase, but of smaller amplitude, in range 5-10 dBA.
The mean SaO 2 levels varied differently depending on the SNR range. No significant variations were observed in quiet 
FTOe, fractional cerebral tissue oxygen extraction; hR, heart rate; Ns, not significant; RR, respiratory rate; rsO 2 , regional cerebral oxygen saturation; saO 2 , oxygen saturation; sNR, signal-to-noise ratio; sP, sound peak. 
FTOe, fractional cerebral tissue oxygen extraction; hR, heart rate; Ns, not significant; RR, respiratory rate; rsO 2 , regional cerebral oxygen saturation; saO 2 , oxygen saturation; sNR, signal-to-noise ratio. Main determinants of reactivity. To explore whether physiological reactivity was linked to the infant's gender, maturity, and postnatal experience (i.e., duration of noise exposure), we compared the response profiles of female and male infants, infants of postmenstrual age (PMA) ≥ 32 (n = 11) and <32 wk, and infants of postnatal age >15 (n = 15) and ≤15 d using a multilevel regression analysis model ( Table 3) . We observed only a few differences depending on these covariates. However, male infants (post hoc: p < 0.05, a* and b*) and infants at younger PMA (post hoc: p < 0.02, a* and b*) showed a greater increase in HR for SPs in range 5-10 dBA in active sleep. We also observed that younger infants showed greater decreases in SaO 2 
DISCUSSION
We evaluated the differential auditory sensitivities of VPIs to SPL increments by systematically and carefully examining their physiologic reactions to exogenous acoustic changes occurring FTOe, fractional cerebral tissue oxygen extraction; hR, heart rate; Ns, not significant; RR, respiratory rate; rsO 2 , regional cerebral oxygen saturation; saO 2 , oxygen saturation; sNR, signal-to-noise ratio. Articles Kuhn et al.
in their environment in the incubator. Our recordings are consistent with results of VPIs exposed to unpredictable, highfrequency (15) , and intense noise in NICUs (16) (17) (18) (19) , with SPLs commonly exceeding the limits of 45 dBA Leq recommended by the American Academy of Pediatrics (AAP) (5). Indeed, SPLs recorded weekly in incubators were recently found to exceed criteria more than 94% of the time (16). Our study provides additional details of the "naturalistic" acoustic environment of VPIs: they are exposed hourly to frequent variations in noise levels. This study is an attempt to address some unresolved issues in the evaluation of the responses of premature newborns to the NICU naturalistic sound environment. Studies in this field are difficult to conduct because of practical limitations and technical and methodological challenges (12) . One difficulty is that VPIs in incubators are continuously exposed to sensory inputs from multiple sources and of varying intensities and durations. In addition, changes in their respiratory support can influence their physiological parameters, and their behavioral state can alter their reactivity. We sought to minimize these variations as much as possible, both in study design (e.g., exclusion of periods during which VPIs could be exposed to tactile, vestibular, thermal, nociceptive, or visual stimuli) and in our analyses based on minimum and maximum values used to account for the variability in sound stimuli and individual responses. Although we enrolled only a relatively limited number of subjects, we analyzed a large number of SPs and systematically determined the newborns' initial arousal state before SPs occurred. To our knowledge, this is the first study to closely examine newborns' reactivity to naturally occurring sounds depending on their arousal state. We finally selected the SPs occurring during sleep because, in this state, infants' physiological parameters are less susceptible to variations caused by their motor activity, and SPs are not produced by the infant itself.
Our results, evaluating almost 600 SPL Leq increments between 5 and 15 dBA above background noise during sleep of 26 VPIs, indicate that VPIs hear these stimuli with a minimal SNR threshold of 5-10 dBA. From at least 28 wk PMA, they react physiologically to auditory signals emerging from naturalistic background noise with median baseline SPL values varying, on average, between 50 and 59 dBA Leq for newborns breathing room air or mechanically ventilated and newborns on nasal continuous positive airway pressure, respectively. An evaluation of developmental changes in masked thresholds in children, with the youngest being 6 mo old, showed that thresholds declined greatly as a function of age (20) . Our findings are consistent with the known anatomical and functional development of the auditory system because previous studies using otoacoustic emission and brain stem response techniques have shown that the auditory system is functionally mature in PMAs as young as 30 (21) and 28 wk (22, 23) , respectively. The auditory system has been reported to be functional even by 25 wk GA (24) . This perceptual ability contributes to a minimal consciousness of the VPIs' environment (25) .
How do VPIs react to these stimuli? The nature of the primary physiological responses (increased HR and decreased RR and oxygen saturation) and their timing (rapid onset during the 20 s after SP) suggest (i) a reflexive reaction, mediated by the brain stem, as shown for fetal cardiac reactivity to sounds and (ii) a stress (defensive) response, similar to those recorded for higher SPL stimuli (8, 9, 13, 26) and further emphasized by the emotional sweating that reflects sympathetic nervous system responses to a stressor after SPs in the same SPLs (14) . To measure the impact of these stimuli on cerebral oxygenation, we used an near-infrared spectroscopy (NIRS) technique that can evaluate regional cortical activation (reflected by an increase in oxygen consumption accompanying neuronal activation) after sensory stimuli and has been used after auditory stimuli (27, 28) . We noted significant but limited variations in these parameters. An increment in FTOE, a parameter reflecting variations in cerebral oxygenation independent of systemic oxygenation (29) , corresponds to increased O 2 consumption resulting from cerebral activation (30) . Conversely, a decrease in FTOE indicates a decrease in oxygen consumption. Thus, the observed increases in both rSO 2 and FTOE in state 1 for SPs in the 5-to 10-dBA range may suggest cerebral activation in the frontal cortex (28) . The decreases in rSO 2 and FTOE observed for higher SPLs during active sleep, although moderate, may suggest alterations in cerebral blood flow autoregulation caused by a stress reaction exceeding the homeostatic regulatory mechanisms.
Sleep/arousal states are important determinants of VPIs' reactivity. As already observed for auditory (31) and other sensory modalities (32) , VPIs are more sensitive to sensory inputs during active sleep. Differences have been found to depend on the level of maturity and postnatal age, confirming that physiological responses to sound undergo age-dependent maturational changes, that postnatal experience may alter these physiological responses, and that, in contrast to full-term newborns, VPIs have an altered capacity to habituate to repeated sounds. More comprehensive studies are warranted. The impact of noise frequencies, known to be high in the NICU, and the nature of the sound source (i.e., human voices or artificial noise) on newborn responses and on the emotional valence that they attribute to these auditory stimuli must be examined. These questions should be addressed in future studies, which would benefit from an experimental design.
The exposure of vulnerable newborns to repeated, atypical, and improper noise, occurring during critical periods of brain development, can disrupt homeostatic regulatory mechanisms and can be harmful to VPIs. Longer-term consequences of exposure to deleterious auditory stimuli are more difficult to evaluate. Studies have failed to find a definite causative relationship between postnatal exposure to high noise and hearing loss. However, animal studies have shown that early auditory experience shapes sensory perception in mammals (33) , can modify brain auditory mapping, and may retard auditory development (34) .
Conclusion
In conclusion, our results provide further evidence of the auditory sensitivity of VPIs to their NICU environment. Their differential auditory sensitivities to SPL increments provide further evidence for the reinforcement of permissible noise copyright © 2012 International Pediatric Research Foundation, Inc.
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Auditory sensitivity of preterm infants criteria in the NICU (7, 35, 36) and support recent modifications to these criteria (37) . These findings also suggest not only that these recommendations should be expressed in terms of hourly Leq or maximum equivalent noise level over 1 s (L max ) but also that efficient strategies should be developed and implemented to continuously lessen SPLs and/or attenuate their variations near VPIs or to protect infants from deleterious exposure to noise (38) . The main characteristics of the study population are presented in Table 4 . All infants were cared for in Draeger SC incubators (Draeger Medical, Lübeck, Germany). During the 10-h study period, all infants were lying in the prone position, on their backs, or on their sides. The study periods were similar for each newborn during the day. Basic developmental care measures were used, including incubator coverings, nesting, and general measures for sound abatement (lowering of alarm levels, minimizing talking by staff). However, there was no specific program for noise reduction. For study purposes, all staff members were encouraged to behave normally. Architecturally, the NICU comprised three four-bed rooms, one room with two beds, and one single-bed room. All rooms in the intermediate-care unit contained three beds.
METHODS
Participants and Environment
Procedures
Environmental measurements. SPLs and environmental sounds were concomitantly recorded with a noise dosimeter (MS 6701-PRO Digital sound-level meter, Mastech, Pittsburgh, PA; measurement range 30-130 dB, frequency range 30 Hz to 8 kHz) in A-weighted scale-slow response and with a microphone. The probes were placed at the same level, but at a 10-cm distance, from each newborn's ear. According to standard recommendations, the probes were never in contact with the mattress. The probes were placed in incubator air, Data analyses. All data collected over a 10-h recording session were computerized and analyzed on the same time scale. To analyze auditory reactivity only, we excluded periods of direct skin contact with the newborn (routine care), periods in which light exposure varied >10 lux, and 1-min periods following any change in respiratory support. To better describe the acoustic environment of our study population, ambient noise levels were quantified by their 10th (L10), 50th (L50), and 90th (L90) percentiles in dBA Leq. According to the standard acoustic terminology, L90s and L10s are the lowest and highest deciles of noise levels, respectively. Because the decibel scale is logarithmic, dBA measurements were converted to sound pressure in Pascals, a linear scale, before averaging and the results were transformed again to dBA for presentation (16) . To analyze acoustic changes, we identified SPs, which differ from the peaks (LpK) typically used in the acoustic literature. SPs were defined as a 1-s SPL (Leq) exceeding the previous 1-s interval by 5 dBA Leq or more. Thus, the reference for SP measurements was the background SPL measured in dBA for each SP. They were identified using extracting data software (LabChart 7.1, Adinstrument, London, UK) and scanning the data every 2 s. They were classified in different ranges based on 5-dBA Leq increments and reported as SNR on a dBA scale. They were also classified based on the newborn's sleep/arousal state at the time of SP occurrence. For each continuous variable, its mean value over 5 s was calculated for periods starting 5 s before each SP and for the following 40 s.
Statistical Analyses
Each physiological parameter was compared using analysis of variance for repeated measures with "periods, " sleep states, and SPs ranges as within factors and gender, GA, and postnatal age as between factors. Baseline values were first compared with the mean values obtained over 5-s periods during the 40 s following SPs. To account for the effect of the great variations in the nature of SPs (differences in origins, durations, and frequencies of the stimuli) on the individual profile of response, baseline values were also compared with the minimum or maximum values obtained during the 20 s after each SP (period a*) Median postmenstrual age (wk) 31 [28] [29] [30] [31] [32] [33] [34] Gender (girls-boys) (n) [10] [11] [12] [13] [14] [15] [16] Small for GA/adapted for GA (n) [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Respiratory support at time of study (n) 
